Objective: To better understand the mechanisms of autoantibodies to the axonal protein contactin-associated protein-like 2 (Caspr2) by studying their target epitopes.
to synaptic proteins, including the NMDA receptor (NMDAR) and the nicotinic acetylcholine receptor (nAChR), may target either a single dominant epitope or a major immunogenic region. [12] [13] [14] For NMDAR and nAChR antibodies 3-dimensional structure is very important, but other autoantibodies, such as to glutamic acid decarboxylase 65 (GAD65), recognize linear epitopes under denatured conditions (e.g., on Western blot). We have therefore attempted to find a single dominant epitope for Caspr2 antibodies and to determine whether the autoantibodies require intact tertiary structure and/or protein glycosylation.
METHODS Standard protocol approvals, registrations, and patient consents. Serum and CSF were collected with informed consent from patients with clinical features of Caspr2 autoimmunity (encephalitis and/or peripheral nerve hyperexcitability) under a tissue bank protocol approved by an institutional review board (IRB) at the University of Pennsylvania. A separate protocol approved by the University of Pennsylvania IRB was used to access the samples from the tissue bank for testing and to access the clinical information. Samples from patients found to contain Caspr2 antibodies using methods previously described 7 were selected for further studies. The clinical characteristics of 8 of these patients have been published previously: 2 had encephalitis only, 1 had acquired peripheral nerve hyperexcitability only, and 5 had both encephalitis and peripheral nerve hyperexcitability. 7 In addition, we studied samples from 2 additional patients who were subsequently identified: 1 with neuromyotonia only and 1 with both neuromyotonia and encephalitis. The number of patient samples included for Figure 1 Patients' sera recognize surface epitopes of Caspr2
HEK293 T cells were transiently transfected to express Caspr2, stained with a series of patient sera live, and then stained with a commercial antibody to Caspr2 after permeabilization and fixation. Nuclei of transfected and untransfected cells were stained with DAPI (blue). Surface epitopes of Caspr2 were recognized by all 10 patients' sera (4 representative samples [S1-S4] are shown). Scale bar 5 10 mm.
the experiments was limited by the amount of sera available for testing. All experiments in this manuscript used a minimum of 4 patient samples to confirm results.
Creation of plasmids for expressing Caspr2 mutants.
Complementary DNA (cDNA) encoding full-length human Caspr2 in a Prk5 vector was obtained (gift from Dr. Elior Peles, Weizmann Institute of Science, Rehovot, Israel). This cDNA was used as a template for deleting individual subdomains of Caspr2 using the Quikchange XL Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA) with modifications described previously, 15 following an approach used previously to study NMDAR antibodies. 12 Primers for the various mutations were selected to include 27 bases before the cut site and 18 bases after the cut site on average for both the forward and reverse primers; these primers are listed in table e-1 at Neurology.org/nn. Clones were selected using standard microbiology techniques, and plasmid DNA was purified using QiaPrep spin miniprep and maxiprep kits (Qiagen, Venlo, the Netherlands). Clones were screened by sequencing across the area with the target excision to determine which contained the desired deletions; clones with successful deletions were verified to contain no unintended mutations by full-length sequencing. Plasmid DNA concentrations was determined on a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA).
Immunofluorescence staining. HEK293 T cells were grown on poly-D-lysine-coated coverslips in MEM with 5% FBS and 1% P/S and were transiently transfected with full-length Caspr2 or Caspr2 mutants using JetPrime reagent (Polyplus Transfection, Illkirch, France), per the manufacturer's instructions. Cells were assayed 24-48 hours posttransfection. Cells were fixed in 4% paraformaldehyde for 10 minutes, permeabilized with 0.1% PBStween or 0.3% triton X-100 for 15 minutes, and blocked in 0.3 M glycine with 10% normal goat serum and 5% BSA for 1 hour at room temperature. Cells were singly or doubly stained with a commercial anti-Caspr2 primary antibody (ab33994, Abcam, Cambridge, United Kingdom) diluted at 1:200 and patient sera diluted 1:1,000 in blocking buffer overnight at 4°C. (ab33994 targets the intracellular domain of Caspr2 and would not be expected to compete with the human autoantibodies, which target the extracellular domain. The intracellular domain was also not modified in any of the deletion constructs.) Coverslips were washed with PBS and then secondary antibodies (Alexa Fluor 488-conjugated donkey anti-human IgG and TRITC-conjugated donkey anti-rabbit IgG at 1:400) were applied for 1 hour at room temperature. Slides were mounted in Fluoromount-G with DAPI (SouthernBiotech, Birmingham, AL) and visualized on a Leica DMRBE fluorescent microscope. Pictures were captured with a Leica DFC-350F digital camera and Openlab software (Improvision, Coventry, United Kingdom). Quantification of fluorescence was performed using NIH Image J and Adobe Photoshop software. Untransfected cells and cells in which only the secondary antibody was applied served as negative controls. Each experiment contained a minimum of 2 technical replicates per condition, and experiments were repeated a minimum of 3 times.
Quantification of immunofluorescence staining. Quantification of fluorescence was performed using NIH Image J and Adobe Photoshop software. The intensity of staining of each single domain deletion construct by patients' sera was normalized by the amount of staining with the commercial antibody channel. A ratio was obtained for each construct.
Tunicamycin treatment. HEK293 T cells were cultured and transfected as described above. At 4 hours posttransfection, growth media were replaced with media containing 0.2 mg/mL tunicamycin (Sigma-Aldrich, St. Louis, MO) or DMSO vehicle control. Cells were harvested 24-48 hours later and assayed as described above.
Western blotting. HEK293 T cells were transfected as above and lysed on ice in RIPA buffer (50 mM Tris pH 7.2, 150 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate, 1% triton X-100, 2 mM EDTA) supplemented with complete protease inhibitor tablet (Roche, Basel, Switzerland). Lysates were centrifuged at 10,000 rpm for 10 minutes. Protein concentration in the supernatant was measured using Pierce BCA assay (Thermo Scientific) on a plate reader. The supernatant was diluted in sample buffer (Bio-Rad, Hercules, CA) and heated to 100°C for 5 minutes. Samples were run on a Bio-Rad electrophoresis system on 4%-20% gels, transferred to PDVF membrane, blocked in 5% milk for 1 hour, and incubated in a commercial anti-Caspr2 antibody (ab33994, Abcam) diluted 1:1,000 or patient sample overnight diluted 1:1,000 at 4°C. Secondary antibodies were alkaline phosphatase-conjugated donkey antihuman or anti-rabbit applied for 1 hour at room temperature at 1:10,000. Blots were developed using Tropix CDP-Star reagent (Applied Biosystems, Waltham, MA) and visualized on a Chemi-Doc imaging system (Bio-Rad).
PNGase digestion. Whole cell lysates from Caspr2-transfected or untransfected control HEK293 T cells were diluted in denaturing buffer and incubated at 100°C for 10 minutes, after which G7 reaction buffer, 10% NP40, and PNGase F (New England Biolabs, Ipswich, MA) were added per the manufacturer's instructions and incubated for 1 hour at 37°C. The samples were then prepared similarly to other lysates for Western blotting.
RESULTS

Caspr2 autoantibodies consistently recognize
an extracellular epitope of Caspr2. We studied a panel of 10 sera from patients with Caspr2 antibodies Figure 3 Single-domain deletion constructs were recognized by patients' sera (A) Single-domain deletion constructs were generated as shown. (B) Each of these constructs was recognized by patients' sera on Western blot probed with a commercial antibody to Caspr2 (Caspr2) and patients' sera (sera 1). identified using methods previously described. 7 In order to confirm that patients' Caspr2 antibodies consistently recognize a surface epitope of Caspr2, HEK293 T cells were transfected to express wild-type Caspr2 and immunostained live with patient sera (1:500). The cells were then fixed, permeabilized, and treated with a rabbit Caspr2 antibody targeting an intracellular epitope, followed by fluorescent antihuman and anti-rabbit secondary antibodies
Glycosylation and tertiary structure are not required for antibody recognition of Caspr2. Caspr2 has 12 potential N-linked glycosylation sites in its extracellular domain. 16 In order to determine whether glycosylation of these sites is required for recognition by Caspr2 autoantibodies, we transfected cultured cells Figure 4 Some single-domain deletion constructs showed decreased labeling by patients' sera (A) Cultured cells were transfected to express wild-type and single-domain deletion constructs. All constructs were expressed on the cell membrane and all were recognized by a panel of patients' sera. Scale bar 5 10 mm. (B) The relative staining in the human and commercial channels was quantified for the various deletion constructs. Only DDisc differed significantly from full-length Caspr2 using this method.
to express Caspr2 while these cells were treated with tunicamycin (figure 2). (In these experiments, human antibodies were applied after fixation and permeabilization since Caspr2 was no longer membraneexpressed.) Tunicamycin treatment prevented cell surface expression of Caspr2 and resulted in a shift of the Caspr2 band on Western blot, but it did not prevent antibody recognition. Protein extract from cells transfected to express Caspr2 was also deglycosylated with PNGase F, resulting in a shift in the band on Western blot ( figure 2B ). This method of deglycosylation likewise did not prevent recognition of Caspr2 by the autoantibodies, even in the denatured state (i.e., on the Western blot). We further tested a panel of 6 sera for the ability to recognize Caspr2 under denaturing conditions (on Western blot), and all samples were able to do so (figure e-1 We generated a series of plasmids for expressing Caspr2 with deletions of each of the 8 extracellular subdomains ( figure 3A) . We named these constructs with a delta symbol followed by the domain deleted. DDisc, for instance, has the Disc domain deleted. The single subdomain deletion constructs were all expressed when transfected into cultured HEK293 T cells. It is interesting that patients' sera reacted with each of these constructs on Western blot (figure 3B) and also by immunofluorescence (figure 4). All 10 tested patient sera were able to immunostain living cells expressing each of these single-domain deletion constructs, confirming that they were all expressed on the cell membrane ( figure 4 ). This pattern of findings showed that no single extracellular subdomain was absolutely necessary for antibody recognition and that multiple epitopes must exist in the extracellular domain.
The relative intensity of immunostaining of some constructs, particularly DDisc, was decreased by eye for all patients studied. This finding is quantified in figure 4B , where the relative intensity of staining with the human and commercial antibodies is compared for each of the single-domain deletion constructs. Using this method, only DDisc showed significant reduction in staining with the human antibodies compared to full-length Caspr2. These results suggest that the Disc domain may contain a target epitope.
The Disc domain is a common epitope for patients with Caspr2 antibodies. In order to more definitively determine whether the Disc domain is sufficient for antibody recognition, a construct with only the Disc domain, the transmembrane domain, and the intracellular domain was generated ( figure 5A ). This construct was recognized by 9 of 10 serum samples ( figure 5B ). The Disc domain alone is therefore sufficient for recognition by the majority of tested patients. However, deletion of this single Disc domain (DDisc) did not prevent recognition by any of our samples, suggesting that another epitope (or potentially multiple other epitopes) outside the Disc domain exists. This experiment was repeated 4 times, and all experiments suggested decreased intensity of but not absence of immunostaining with deletion of the Disc domain compared to the wild type ( figure 4B ). Thus, there is a discrete epitope within the Disc domain that is sufficient but not necessary for reactivity. Patients' sera also recognized the construct containing only the Disc domain (with all other extracellular subdomains deleted) on Western blot, suggesting that an epitope in the Disc domain is still recognized under denaturing conditions ( figure 5C ). Taken together with the ability of patients' sera to recognize DDisc on Western blot (figure 3B), it appears likely that there are multiple epitopes in the Disc domain and elsewhere that are not dependent on tertiary structure.
Other target epitopes are generally in the N-terminal half of Caspr2. In order to determine which other subdomains (aside from Disc) might contain target epitopes, we constructed a new series of deletion constructs involving multiple domains of Caspr2 ( figure 6A ). In the case of constructs with a large deletion of the C-terminal domain of the protein, we could confirm that these constructs were expressed on the cell membrane by immunostaining live cells with patient sera (figure 6B). Although constructs with larger deletions of the N-terminal half of the protein were not recognized by most patients' sera (in live or fixed/permeabilized cells), these constructs also appeared to be expressed on the membrane (figure 6B).
Testing with a panel of 7 sera showed that target epitopes for most patients (6 of 7) were confined entirely to the 4 subdomains on the N-terminal of the protein.
Only 1 of 7 samples reacted (weakly) when these 4 subdomains were deleted ( figure 6C ). Taken together, these results suggest that most target epitopes are concentrated within the N-terminal half of the extracellular domain and that patients' sera only rarely target any epitope within the C-terminal half of the extracellular domain.
DISCUSSION These studies have shown that autoantibodies to Caspr2 target multiple epitopes on the extracellular domain of the protein. The large extracellular domain of Caspr2 may make it a particularly available target for autoimmunity compared with the other members of the VGKC complex. A major epitope is within the discoidin-like domain, and other epitopes appear to be concentrated within the N-terminal half of the protein. At least some of these epitopes are not dependent on tertiary structure (i.e., can be recognized on Western blot) and are not glycosylation-dependent. Since our single-domain deletions (including DDisc) were recognized on Western blot, it is likely that for most samples more than one epitope is not dependent on tertiary structure. Other autoantibodies to neuronal surface epitopes target a range of ionotropic neurotransmitter receptors (NMDAR, AMPAR, glycine receptor, nAchR) or metabotropic neurotransmitter receptors (GABA-B-R, mGluR1, mGluR5). In the case of antibodies to the NMDAR and AMPAR, the antibodies cause cross-linking and internalization of the receptor and thus result in decreased receptor function. [17] [18] [19] Since Caspr2 is a cell adhesion molecule and not a receptor, different autoimmune mechanisms must be considered, for example disruption of the interaction of Caspr2 with TAG-1, disruption of the ability of Caspr2 to cluster VGKCs, or internalization of Caspr2 (with or without associated VGKCs). Understanding the target epitope of the antibodies is a first step in examining these possibilities rigorously.
The extracellular domain of Caspr2 is known to interact with TAG-1 in cis (expressed on the axon) and in trans (expressed on myelinating cells apposed to the axon). 20, 21 It is known that the immunoglobulin-like domain of TAG-1 binds to the extracellular domain of Caspr2, 22 but it is not known which subdomain(s) of Caspr2 are required for these interactions. Furthermore, it is not known whether the same area of Caspr2 is required for the cis and the trans interaction. One plausible explanation for the multiple epitopes identified is that some antibodies disrupt the interaction between Caspr2 and TAG-1 in cis, whereas others disrupt the interaction between Caspr2 in trans. Future studies will be needed to determine whether the antibodies affect the interaction between Caspr2 and TAG-1. Since the interaction between these 2 proteins is critical for the proper localization of potassium channels, 8 this would be a plausible disease mechanism. These autoantibodies represent valuable scientific tools for further understanding the basic biology of Caspr2. In addition, understanding the pathogenic mechanism of the antibodies opens up therapeutic possibilities. Autoantibodies target multiple epitopes on Caspr2, and it is possible that antibodies to certain epitopes may be more pathogenic than antibodies to other epitopes. For example, antibodies to the nAChR that target the major immunogenic region may be more pathogenic than antibodies to other parts of the receptor. 23 An important avenue of future investigation is to determine which antibody-epitope interactions are most relevant for Caspr2 autoimmunity. If a particular epitope is the target of diseasecausing antibodies, then specific immune therapies to direct the immune response away from this epitope may be possible. Luo and Lindstrom have recently used their knowledge of the target epitope of acetylcholine receptor autoantibodies to create this type of epitope-specific immunotherapy for experimental autoimmune myasthenia gravis.
